Previous studies have shown that blockade of LIGHT, a T cell costimulatory molecule belonging to the TNF superfamily, by soluble lymphotoxin β receptor-Ig (LTβR-Ig) inhibits the cytotoxic T lymphocyte (CTL) response to host antigenic disparities and ameliorates lethal graft-versus-host disease (GVHD) in a B6 to BDF1 mouse model. Here, we demonstrate that infusion of an mAb against CD40 ligand (CD40L) further increases the efficacy of LTβR-Ig, leading to complete prevention of GVHD. We further demonstrate that alloantigen-specific CTLs become anergic upon rapid expansion, and persist in the tolerized mice as a result of costimulatory blockade. Transfer of anergic CTLs to secondary F1 mice fails to induce GVHD despite the fact that anergic CTLs can be stimulated to proliferate in vitro by antigens and cytokines. Our study provides a potential new approach for the prevention of lethal GVHD.
expression of MHC class II, B7-1, and B7-2, as well as secretion of IL-12 (18) , leading to efficient triggering of T cell responses (19) . Consistent with this notion, blockade of CD40-CD40L interaction has been shown to provide a therapeutic advantage for the prevention of acute and chronic GVHD (6) , transplant rejection (20) , and autoimmune diseases (21) . In mouse models of acute GVHD, a brief treatment course with anti-CD40L mAb inhibits proliferation of and Th1 cytokine production by host-reactive CD4 + T cells (22) , and subsequently interferes with anti-host CD8 + CTL generation (23) . In addition, GVHD induced by CD28-deficient T cells has been shown to be inhibited by anti-CD40L mAb (24) , suggesting that blockade of the CD40-CD40L pathway can decrease allogeneic responses independently of B7-CD28 costimulation. Ex vivo manipulation of donor T cells with anti-CD40L mAb efficiently generates host antigen-specific unresponsiveness and protects recipient mice from GVHD (25) , although in vivo administration of anti-CD40L mAb was only partially effective in preventing GVHD lethality under the same GVHD conditions.
In this report, we describe a powerful method for achieving complete protection of recipient mice from acute GVHD and immunological tolerance using a combined administration of LTβR-Ig and anti-CD40L mAb. The mechanisms of tolerance induction by costimulatory blockade were explored.
Methods
Mice. Female C57BL/6J (B6, H-2 b ), DBA/2J (H-2 d ), and F1 (B6 × DBA/2J) (BDF1) mice were purchased from the National Cancer Institute (Frederick, Maryland, USA). Ly5-congenic B6.SJL-Ly5 a ptprc a pep3 b (B6.Ly5.1), C.H-2 bm1 (bm1), and C.H-2 bm12 (bm12) mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). B6 2C (H-2 b ) and B6 OT-I (H-2 b ) T cell receptor (TCR) transgenic mice were developed by F. Carbone (Department of Microbiology and Immunology, Melbourne University, Victoria, Australia) and D.Y. Loh (Washington University, St. Louis, Missouri, USA), respectively. All mice were maintained in the Animal Facility at the Mayo Clinic.
Cell lines, fusion protein, and Ab's. P815 mouse mastocytoma cells (DBA/2, H-2 d ), EL4 mouse T cell lymphoma cells (B6, H-2 b ), and E.G7 cells (a chicken ovalbumin-transfected [OVA-transfected] EL4 line) (H-2 b ) were purchased from the American Type Culture Collection (Rockville, Maryland, USA). AG104A sarcoma cells (H-2 k ) were a gift from Hans Schreiber (University of Chicago, Chicago, Illinois, USA). All cell lines were maintained in a complete medium (9) .
Mouse LTβR-Ig fusion protein was prepared as described (9) . Anti-CD40L mAb was purified from the supernatants of hybridoma MR1 (26) . Purified human IgG1 and hamster IgG were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA) and Rockland Immunochemicals Inc. (Gilbertsville, Pennsylvania, USA), respectively. Anti-2C TCR mAb was purified from the supernatants of hybridoma 1B2 (27) and further conjugated with phycoerythrin in our laboratory.
Mouse GVHD model. The mouse model of acute GVHD was described previously (9) . Briefly, splenocytes (7 × 10 7 ) from B6 mice were injected intravenously into sublethally irradiated (6 Gy) BDF1 recipients on day 0. The irradiated recipient mice were intravenously administered 100 µg of anti-CD40L on day 0 or 100 µg of LTβR-Ig on days 0, 3, and 6, or a combination of both after transplantation. Hamster IgG and human IgG1 were used as controls for anti-CD40L and LTβR-Ig, respectively. The recipient mice were monitored for survival daily, and body weight was measured every 5 days. For CTL assay, the recipient spleen cells were harvested on day 7 and assessed by a standard 51 Cr release assay (28) without prior in vitro restimulation. Alternatively, B6.Ly5.1 spleen cells (7 × 10 7 ) were injected intravenously into irradiated BDF1 recipients, followed by treatment with anti-CD40L and LTβR-Ig as described. On day 9, B6 Ly5.1 + donor cells were purified from recipient spleen cells using VarioMACS (Miltenyi Biotec, Auburn, California, USA), in which Ly5.1 + cells were labeled with beads followed by trapping in LS column placed at magnetic fields. Purified Ly5.1 + donor cells (2 × 10 6 cells/ml) were cultured with irradiated (30 Gy) DBA/2 spleen cells at 2 × 10 6 cells/ml for 5 days, and the CTL activity was assessed by a 51 Cr release assay.
For examination of CD4 + T cell and CD8 + T cell effects on isolated MHC disparities, bm12 or bm1 recipients were sublethally irradiated (6 Gy) and injected with purified CD4 + (1 × 10 5 cells/recipient) or CD8 + (3 × 10 5 or 1 × 10 6 cells/recipient) lymph node (LN) T cells from B6 mice. Either control Ig or LTβR-Ig (100 µg) was injected intraperitoneally or intravenously beginning on day -1 and continuing either every other day until day 21 or every 3 days until day 14 after transfer. No differences were noted in results from the two schedules of Ig treatment (data not shown), so data were pooled for analysis.
In the 2C T cell transfer model, 4 × 10 7 LN cells from 2C TCR transgenic mice were injected intravenously into sublethally irradiated BDF1 or B6 recipients on day 0; mice were subsequently treated with injections of anti-CD40L and LTβR-Ig as described above. On day 5 and day 15, recipient spleen cells were harvested and assessed for CTL activity against P815 cells without in vitro restimulation. The number of 2C T cells and their expression of CD62L were examined by flow cytometry.
In vivo transfer and in vitro culture of OT-I T cells. OT-I TCR transgenic LN cells, 20-40% of which are specific for an H-2 b -restricted OVA epitope (SIINFEKL), were combined with either B6.Ly5.1 or BDF1 spleen cells (3 × 10 7 cells each). These were then infused intravenously into irradiated BDF1 recipients. Mice were subsequently treated with anti-CD40L and LTβR-Ig as described above. Eight days after cell transfer, OT-I T cells in recipient spleens were enriched by depletion of Ly5.1 + and H-2K d+ cells by VarioMACS. The enriched cells were plated at 1.5 × 10 6 cells/ml and stimulated with 10 ng/ml OVA peptide in the presence of irradiated B6 spleen cells at 1.5 × 10 6 cells/ml for 4 days. The CTL activity against non-pulsed EL4 cells, OVA peptide-pulsed (10 µg/ml) EL4 cells, and EG7 cells was assessed by a standard 51 Cr release assay.
Allogeneic BM reconstitution. To generate allogeneic BM-reconstituted mice, B6 BM cells were first depleted of T cells using the VarioMACS system with antiThy1.2 mAb-conjugated microbeads. Then lethally irradiated (11 Gy) BDF1 mice were injected intravenously with 5 × 10 6 T cell-depleted BM cells. Six weeks later, reconstitution of host lymphoid tissues by donor cells was confirmed by flow cytometry by double staining with H-2K d and H-2K b (data not shown).
Anti-host CTL induction in vitro and in vivo. Spleen cells from either naive B6 mice, long-term GVHD survivors, or B6 BM-reconstituted BDF1 mice were stimulated with irradiated (30 Gy) DBA/2 spleen cells (2 × 10 6 cells/ml each) in the presence or absence of 10 IU/ml of human IL-2 (Cetus Corp., Emeryville, California, USA). After 5 days, CTL activity against P815 cells was measured by a 51 Cr release assay. In addition, spleen cells (5 × 10 7 cells) from either naive B6 mice, long-term GVHD survivors, or B6 BM-reconstituted BDF1 mice were transferred intravenously on day 0 into secondary BDF1 recipient mice. In some groups, recombinant human IL-2 at a dose of 50,000 IU/day was injected intraperitoneally after spleen cell transfer. After 10 days, CTL activity of recipient spleen cells against P815 cells was assessed. Expansion of donor T cells and elimination of host B cells was quantified by flow cytometry by double staining with H-2K d and CD3.
Statistical analysis. Group comparisons of continuous data were analyzed by Student t test. For survival data, Kaplan-Meier survival curves were prepared using StatView 5.0 software (SAS Institute Inc., Cary, North Carolina, USA), and statistical differences were analyzed using the log-rank (Mantel-Cox) test. P values lower than 0.05 were considered significant.
Results
Synergistic effects of LTβR-Ig and anti-CD40L mAb in the prevention of GVHD are accompanied by profound inhibition of anti-host CTLs. Upon transfer of B6 T cells, recipient BDF1 mice generate acute GVHD characterized by rapid weight loss, expansion of host-reactive donor T cells, shrinkage of the thymus, and eventual death ( Figure 1 , a and b, and data not shown). Infusion of LTβR-Ig, which blocks the LIGHT costimulatory pathway (9, 10), significantly reduced GVHD mortality as well as anti-host CTL activity. The treatment is not optimal because approximately 20% of mice still die of GVHD. However, combined treatment with anti-CD40L and LTβR-Ig in our study prevented death in 100% of recipient mice, whereas anti-CD40L treatment alone protected only about 50% of mice ( Figure 1a ). Combined therapy protected all recipient mice from death for more than 90 days (Figure 1a) , and efficiently prevented weight loss in recipient mice (Figure 1b ). This combined therapy also profoundly inhibited the generation of anti-host (H-2 d ) CTL activity, whereas treatment by anti-CD40L alone did not affect CTL activity, and LTβR-Ig alone resulted in a partial inhibition (Figure 1c ).
It has been suggested that the blockade of CD40-CD40L interaction prevents GVHD through a CD4 + but not CD8 + T cell-mediated mechanism (22) . To investigate the differential effects of LTβR-Ig on CD4 + and CD8 + T cell-mediated GVHD, sublethally irradiated bm12 and bm1 recipients were injected intravenously with purified B6 CD4 + and CD8 + T cells, respectively. Infusion of LTβR-Ig significantly prolonged the survival of bm1 recipients of a minimum uniformly lethal dose of CD8 + T cells (Figure 1d ). In contrast, survival was not significantly prolonged in bm12 recipients given a minimum uniformly lethal dose of CD4 + T cells (Figure 1e ). Thus, LTβR-Ig treatment is more effective in inhibiting CD8 + T cell-mediated GVHD than CD4 + T cell-mediated GVHD under these conditions. Our results suggest that the synergistic effect of anti-CD40L mAb and LTβR-Ig in our model is mediated by inhibition of both CD4 + and CD8 + host-reactive T cells.
Combined therapy inhibits the generation of anti-host CTL activity without peripheral deletion of T cells. To trace T cells in the recipients after treatment with costimulatory blockade, we used 2C TCR transgenic T cells as donor cells. 2C T cells react specifically against H-2L d antigen
and express a defined T cell receptor that can be specifically identified (27) . 2C T cells that were transferred into BDF1 mice expanded vigorously and generated a high level of anti-host CTL activity, as early as 5 days after cell transfer (Table 1 ). Similar to the results obtained from polyclonal T cell transfer shown in Figure 1c , injections of LTβR-Ig, but not anti-CD40L mAb, significantly inhibited CTL activity. Nearly complete inhibition of 2C CTL activity was observed in recipients treated with a combination of LTβR-Ig and anti-CD40L mAb. Inhibition of antigen-specific CTL generation was noted through day 15 after transfer, although cell counting taken on both day 5 and day 15 showed that 2C T cells in treated recipients had expanded as vigorously as those in control recipients (Table 1) . Our data thus suggest that combined treatment with LTβR-Ig and anti-CD40L mAb inhibits anti-host CTL generation without deletion of host-reactive T cells.
After transfer into syngeneic B6 recipients, the percentage of 2C T cells expressing a low level of CD62L (CD62L low ), which indicates an antigen-experienced phenotype (29) , remained constant in the range of 10-20% (Table 1 ). In contrast, the majority of 2C T cells transferred into BDF1 recipients converted to CD62L low cells as early as 5 days after transfer. The combined therapy delayed downregulation of CD62L expression on 2C T cells, an effect that was accompanied by suppressed CTL activity. However, a significant number of 2C T cells had converted to CD62L low cells by day 15, even though CTL activity remained low. A similar pattern was observed using CD44 marker (data not shown). Taken together, our results suggest that combined treatment with LTβR-Ig and anti-CD40L mAb inhibits the effector function, but is less effective at inhibiting the priming and expansion of host-reactive CTLs.
Combined therapy leads to repopulation of donor-derived lymphocytes in long-term GVHD-surviving mice. In the recipients that received the combined treatment and survived GVHD more than 60 days after transfer of B6 splenocytes, all lymphohematopoietic cells were H-2K b+ and H-2K d-, indicating complete replacement of the recipient lymphoid system by donor cells. Repopulation of donor lymphocytes was observed in spleen, LNs (Figure 2a) , thymus (Figure 2b ), and BM (data not shown). In addition, proportions of T cells, B cells, and CD4 + and CD8 + T cell subsets in spleen, LN, and thymocyte subsets were similar to those in naive B6 mice. Myeloid cells expressing Mac-1 also converted to donor-derived cells (data not shown). The proportion of CD62L low cells in recipient splenic and LN T cells, however, increased significantly compared with that in naive B6 mice (Figure 3a) , suggesting constant exposure of T cells to host antigens. Similar results were also observed using 2C T cells as a donor source (Figure 3b ). In this system, transferred 2C T cells were present more than 60 days in BDF1 recipients treated with the combined therapy and were comparable in number to those transferred into control B6 recipients. Importantly, a significant increase of CD62L low cells was detected in 2C T cells in BDF1 recipients compared with those in B6 recipients ( Figure  3b) . Our results thus demonstrate that donor-derived hematopoietic cells can repopulate in treated recipient mice in which antigen-experienced, host-reactive T cells persist long-term, without inducing GVHD.
Tolerance induced by combined therapy did not affect T cell responses to nominal antigens. To examine whether the tolerance is "infectious," we used OT-I T cells, which express a transgenic TCR that uniformly reacts with OVA antigen in the context of H-2K b (30) , to facilitate isolation of antigen-reactive T cells. A mixture of OT-I T cells and B6.Ly5.1 splenocytes was transferred into BDF1 recipient mice, followed by combined treatment with LTβR-Ig and anti-CD40L mAb to induce tolerance. As a control, OT-I T cells mixed with BDF1 splenocytes were transferred into BDF1 recipients in which GVHD was not induced. Transferred OT-I T cells were recovered from recipient spleen by enrichment of a subpopulation that was negative for both H-2K d and
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The Ly5.1. After in vitro restimulation with antigenic OVA peptide, OT-I T cells recovered from the tolerant recipients generated significant CTL activity against OVA peptide-pulsed EL4 cells and E.G7 cells, but not nonpulsed EL4 cells. CTL activity of these OT-I T cells was identical to that of OT-I T cells purified from control recipients ( Figure 4 ). CTL activity of OT-I T cells can be inhibited when antigenic OVA peptide is administered to mice receiving transferred OT-I T cells (data not shown). These data demonstrate that T cell tolerance to allogeneic antigens induced by combined therapy does not inhibit the responsiveness of nonalloreactive T cells to other antigens. Combined therapy induces an early and persistent anergy of host-reactive CTLs. The hallmark of T cell tolerance is its unresponsiveness to antigen in the presence of appropriate antigen-presenting cells (31) . We first examined whether T cells isolated from tolerant mice can be induced to resume their CTL activity. As shown in Figure 5a , B6.Ly5.1 T cells, which were isolated from BDF1 mice 9 days after combined therapy and restimulated in vitro by allogeneic DBA/2 spleen cells as a source of H-2 d antigens, failed to lyse H-2 d+ target cells. In contrast, B6.Ly5.1 donor cells transferred into syngeneic B6 recipients mounted considerable CTL activity in an H-2 d -specific manner after in vitro restimulation. Our results indicate that combined treatment with LTβR-Ig and anti-CD40L mAb can induce donor T cell anergy to allogeneic antigens in an early phase of T cell activation.
Host-reactive CTL activity was also assessed in tolerant mice more than 60 days after combined treatment was completed. No CTL activity against P815 target cells (H-2 d cells) was detected, using spleen cells from tolerant mice, when the cells were directly used as effectors without further restimulation (Figure 5b ). Upon restimulation with irradiated splenocytes from DBA/2 mice as a source of antigen-presenting cells expressing H-2 d antigens, CTL activity specific to P815 target cells could be detected in spleen cells from tolerant mice. The level of CTL activity, however, was significantly lower than that in cells from the positive control, in which CTLs were generated from splenocytes of naive B6 mice 5 days after coculture with allogeneic DBA/2 spleen cells (Figure 5c ). In addition, the decreased CTL activity in tolerant mice could be restored in vitro to a level comparable to that induced in naive B6 mice by
Figure 2
Repopulation of donor-derived lymphocytes in GVHD-surviving recipients. Sublethally irradiated BDF1 recipients were given B6 spleen cells (7 × 10 7 cells) and subsequently treated with a combination of anti-CD40L and LTβR-Ig. More than 60 days later, the recipient spleen cells, LN cells (a), and thymocytes (b) were stained with mAb's against indicated antigens conjugated with FITC or phycoerythrin and subsequently analyzed by flow cytometry. Similar data was obtained from eight independent mice surviving GVHD. Numbers in the figure represent the percentage of lymphocytes located in the same quadrants. Sublethally irradiated B6 or BDF1 recipient mice were injected intravenously with 2C T cells and then treated with either anti-CD40L (100 µg) on day 0, LTβR-Ig (100 µg) on days 0, 3, and 6, or both treatments together. As a control, the same amount of hamster IgG and human IgG1 were injected into sublethally irradiated B6 or BDF1 mice on the same schedule. A (Figure 6b) . Therefore, despite recovery of CTL activity by in vitro manipulation, anergic T cells in the mice given combined therapy remained tolerant in vivo even in the presence of corresponding antigens and exogenous IL-2.
Discussion
In this study, we have developed a new method to completely prevent acute GVHD in a B6 to BDF1 T cell transfer model. Combined administration of LTβR-Ig and anti-CD40L mAb induces complete, long-term (more than 90 days) survival of mice receiving immunocompetent allogeneic donor cells that without the combined treatment would induce acute lethal GVHD. In addition, we have demonstrated that the mechanism of this protection is the induction of persistent anergy rather than deletion of CTLs responding to alloantigens. Furthermore, donor-derived cells completely replace the recipient's hematopoietic system; this total replacement is associated with long-lasting unresponsiveness to host antigens. Anergy is specific for host-reactive CTLs but not for T cells reacting to other antigens. Our findings thus suggest a new approach to induce T cell anergy and to ameliorate GVHD in humans.
It is well-established in murine models that both CD4 + and CD8 + T cells are capable of mediating GVHD caused by disparities of MHC or minor antigens (32, 33) . Taking into account the roles of CD4 + T cells in the generation of alloreactive CD8 + T cells (34) , inhibition of the CD4 arm of the immune response may be neces-
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The sary to achieve the maximal effect. Several studies indicate that the primary role of anti-CD40L mAb in the reduction of GVHD lethality is to inhibit the functions of alloreactive CD4 + T cells, such as expansion and Th1-type cytokine production (22) , which could subsequently limit functional maturation of alloreactive CD8 + T cells (23) . In our study, a single dose of anti-CD40L mAb did not lead to inhibition of CTL activity in recipients receiving either transferred B6 spleen cells or 2C T cells ( Figure 1c and Table 1 ), in spite of prolonged survival of approximately 50% of the recipient mice (Figure 1a) . On the other hand, administration of LTβR-Ig significantly inhibited anti-host CTL activity, indicating a direct impairment of anti-host CD8 + T cell function. Furthermore, administration of LTβR-Ig inhibited GVHD induced by CD8 + T cells injected into bm1 mice, but not GVHD induced by CD4 + T cells injected into bm12 mice. The synergistic effect, however, decreased to minimal in the GVHD model in which recipients received lethal radiation and subsequent transfer of T cell-depleted BM plus allogeneic spleen cells (data not shown). This may reflect decreased dependency on costimulation and CD4 + T cells in lethal radiation-associated GVHD (35) . Nevertheless, our results suggest a potential mechanism for the synergistic effects of LTβR-Ig and anti-CD40L mAb in the inhibition of GVHD. Soluble receptor of LTβ is reported to bind at least two ligands belonging to the TNF superfamily, LIGHT and LTβ (11) . Recent studies have demonstrated that signaling via LTβR by membrane LTβ is critical for the development and maintenance of secondary lymphoid structures (36) and for maintaining dendritic cells in secondary lymphoid tissues (37) . Furthermore, crosslinking of LTβR induces the production of IL-8 and RANTES chemokine (38) . Therefore, in addition to blockade of the LIGHT-HVEM costimulatory pathway, LTβR-Ig could have profound effects on both priming
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Figure 6
In vivo tolerance of host-reactive T cells in GVHD-surviving recipients. Spleen cells (5 × 10 7 cells) from recipient mice that survived GVHD for more than 60 days due to the combined treatment were injected intravenously into secondary BDF1 recipient mice on day 0 (open squares). In some mice, 50,000 IU of IL-2 was injected daily intraperitoneally from day 0 to day 10 (filled squares). Induction of persistent T cell anergy is a unique treatment result, achieved by combined treatment with LTβR-Ig and anti-CD40L mAb. Anergic T cells from mice given combined therapy are not capable of responding to antigens after transfer into secondary recipients, even with IL-2 administration (Figure 6a ). It has been reported that, upon transfer into recipient mice, 2C T cells undergo massive expansion by responding to H-2L d -expressing host cells, followed by a rapid decline in cell number due to activationinduced cell death (39) (40) (41) . The remaining apoptosisresistant 2C T cells, although few in number, acquire an anergic phenotype, with abrogated responses to H-2L d antigen and decreased expression of TCR and CD8 (39) (40) (41) . Our present study demonstrates that combined therapy with LTβR-Ig and anti-CD40L mAb can inhibit the induction of CTL activity in 2C T cells, while still allowing the T cells to expand vigorously in the BDF1 host (Table 1) . A similar process appears to occur in the B6 spleen cell transfer system, since donor cells repopulate the recipient mice (Figure 2) .
T cells in the recipient mice exhibited an antigenexperienced phenotype with decreased CD62L expression and were unresponsive to antigen stimulation ( Figure 3, Figure 5 , and Figure 6 ), indicating that our combined therapy does not interfere with the induction of anergy. This is in remarkable contrast to the result of treatment with CTLA-4-Ig, since injection of CTLA-4-Ig during antigenic exposure often leads to T cells that are unactivated, but have a functionally competent status (immunological ignorance), presumably due to simultaneous blockade of CTLA-4 and CD28 (42) . It has been shown that CD4 + CD25 + regulatory cells contribute to the induction and maintenance of T cell tolerance (43) , and that this mechanism is required for induction of tolerance to allogeneic antigens resulting from ex vivo blockade of CD40L or the B7-CD28/CTLA-4 pathway (44). Transfer of purified 2C CD8 + T cells from tolerant mice into secondary recipients carrying H-2L d antigen did not lead to activation of T cells (data not shown), suggesting that CD4 + CD25 + T cells are not required for the maintenance of T cell anergy in this model. However, this observation does not exclude the possibility that CD4 + CD25 + T cells may be involved in the induction of T cell anergy to allogeneic antigens in the early phase of the combined therapy.
The exact mechanisms by which our combined therapy induces persistent T cell anergy in vivo are currently unknown. Nevertheless, in our model, all hematopoietic cells are replaced by donor cells, whereas all somatic cells express host antigens, suggesting that nonhematopoietic cells in recipients may be involved in the maintenance of T cell anergy. It is possible that thymic epithelial cells in tolerant mice are still functionally competent to negatively select antihost T cells from donors. Alternatively, constant exposure of T cells to peripheral somatic antigens might induce and maintain the anergy.
These mechanisms are not mutually exclusive. It is important that anergy of T cells appears to be specific, since the responsiveness of OVA TCR transgenic T cells remains normal when transferred into an environment lacking specific antigen (Figure 4 ). In addition, spleen cells from the tolerant mice did not inhibit anti-host CTL generation when cotransferred with naive B6 spleen cells into BDF1 mice (data not shown). Our results thus do not support mechanisms such as the production of suppressive cytokines by anergic T cells (45) or the generation of suppressive cells (41) .
In vitro restimulation of spleen cells from the tolerant mice by allogeneic spleen cells induced low, but significant, CTL activity against host antigens ( Figure  5c ), a result consistent with restoration of CTL activity by inclusion of IL-2 in the cell culture (Figure 5d ). Although IL-2 appears to reverse T cell anergy in various T cell culture systems, its effect in the regulation of T cell anergy in vivo is yet to be established. Dallman and colleagues showed that administration of recombinant IL-2 prevented development of tolerance of a renal allograft (46) . However, several studies have demonstrated that the same approach was not effective in restoration of allogeneic CTL activity (25) , a result similar to the results we present here ( Figure  6a) . Infusion of LPS, a potent inflammatory mediator, into the mice that were infused with anergic T cells also did not break tolerance in our model (data not shown), suggesting that a mechanism that operates in an in vitro system is not available in vivo. Taken together, our results indicate that combined treatment with LTβR-Ig and anti-CD40L mAb can prevent lethal GVHD by inducing T cell anergy in a mouse model and thus might represent a practical approach for translating costimulatory therapy of GVHD into clinical application.
